Summary Sonic hedgehog signaling is important for human development, and aberrant regulation of this pathway can result in the development of tumors. The aim of this study was to examine the expression of sonic hedgehog signaling molecules in oral squamous cell carcinoma. By quantitative real-time polymerase chain reaction, the expression of SHH, SMO, PTCH-1, and GLI-1 was analyzed in 30 oral squamous cell carcinoma cases and 8 samples of nonneoplastic oral mucosa and associated to clinical pathologic features. The expression of β-catenin, cyclin D1, Wnt-1, and Egfr was evaluated by immunohistochemistry in 26 available cases of oral squamous cell carcinoma. Normal oral mucosa from healthy individuals was negative for all genes that were evaluated. SHH, PTCH-1, SMO, and GLI-1 were not expressed in nonneoplastic oral mucosa, and low levels of GLI-1 were observed in nonneoplastic oral mucosa that was adjacent to the tumor. All oral squamous cell carcinoma cases expressed high levels of PTCH-1, SMO, and GLI-1 and were devoid of SHH. The expression of SMO was associated with clinical stage (P = .022) and a borderline association in cervical lymph node metastasis (P = .053). PTCH-1 expression showed a strong correlation with SMO (rs = 0.64; P b .001) and GL-1 (rs = 0.70; P b .001); SMO and GLI-1 also correlated with each other (rs, 0.55; P b .001). All proteins evaluated were expressed as cyclin D1 (92% of samples), β-catenin (73%), Egfr (46%), or Wnt-1 (32%). Our data demonstrate that sonic hedgehog signaling is activated in oral squamous cell carcinoma and suggest that this pathway mediates its tumorigenesis.
Introduction
Oral neoplasms constitute 5% of all human cancers, and oral squamous cell carcinoma (OSCC) accounts for more than 90% of diagnosed cases, ranking it as the sixth most frequent tumor globally [1] .
Pathogenesis studies on OSCC are critical because despite the advances in its diagnosis and treatment, patient survival and quality of life remain unsatisfactory. Loss of speech, difficulties in chewing and swallowing, pain, facial deformities, and serious psychologic problems often develop [2] .
Some groups have suggested that certain signaling pathways, such as sonic hedgehog (SHH) and wingless type (WNT) are associated with carcinogenesis and, consequently, mediate the initiation and progression of human malignant tumors [3, 4] . The SHH pathway is one of the most important pathways in vertebrates, regulating many processes during embryonic development, including the formation of skin [5] and oral mucosa [6] . The sonic hedgehog protein (Shh) binds to the transmembrane receptor Patched, which liberates the transmembrane protein Smoothened (Smo) to initiate a series of intracellular cascades that effect the translocation of the transcription factor glioma-associated oncogene homolog 1 (Gli-1) into the nucleus [7, 8] , where it activates the transcription of genes that are related to cell proliferation and the cell cycle, such as GLI-1, PTCH-1 (Patched 1), transforming growth factor β family members, CCND1, oncogene B-cell leukemia 2 (BCL2), WNT-1, epidermal growth factor receptor (EGFR), and β-catenin [9, 10] .
Activation of the SHH pathway, by loss of PTCH-1 function or mutational activation of SMO, occurs frequently in basocellular carcinomas and medulloblastomas [11] . Recently, dysregulated activation of SHH signaling has been observed in small cell lung cancer [12] , pancreatic carcinoma [13] , prostate cancer [14] , and gastric cancer [15, 16] .
Although many genetic alterations have been described in OSCC, little is known about the expression of genes that regulate SHH signaling in OSCC. Thus, the objectives of this study were to characterize the expression of genes in the SHH pathway (SHH, SMO, PTCH-1, and GLI-1) by quantitative real-time polymerase chain reaction (qPCR) and to identify any association between their expression and clinical pathologic features in patients with OSCC. Furthermore, we analyzed the expression of proteins whose transcription is activated by SHH signaling (cyclin D1, β-catenin, Egfr, and Wnt-1) by immunohistochemistry to increase our understanding of the pathogenesis of OSCC.
Materials and methods

Patients
This study, approved by the ethics committee of our institution (study no. 986/07), was performed using 30 cases of OSCC from excision biopsies, 5 cases of nonneoplastic oral mucosa that was adjacent to the primary tumor (NNT1), and 3 specimens of nonneoplastic oral mucosa (NNT2) that were harvested from healthy individuals who underwent extraction of third molars. These specimens were obtained from the Human Tumor Bank at A. 
Total RNA isolation and reverse transcription
Total RNA was extracted from pulverized frozen tissue using Trizol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Genomic DNA was eliminated by Dnase I digestion (Invitrogen). The quality and purity of the RNA were assessed on an Agilent 2100 Bioanalyzer using the RNA 600 Nanolab Chip kit (Agilent Technologies, Waldbronn, GE). Total RNA was stored in RNAse-free distilled water at −70°C.
First-strand complementary DNA (cDNA) was synthesized from 1 μg of total RNA using the High-Capacity cDNA Reverse-Transcription Kit (Applied Biosystems, Foster City, CA) in 20 μL according to the manufacturer's instructions. The reactions were incubated at 25°C for 10 minutes, 37°C for 120 minutes, and 85°C for 5 seconds. The cDNA was stored at −20°C. Reverse-transcriptase efficiency was determined by amplification of β-actin gene.
Quantitative real-time PCR (qPCR)
Thirty OSCC samples, 5 samples of NNT1 (pooled into 1 group), and 3 samples of NNT2 (also pooled) were evaluated by qPCR. Primers for SHH, SMO, PTCH-1, GLI-1, and the control reference gene GAPDH were designed using PrimerExpress, version 3.0 (Applied Biosystems), based on sequences in GenBank (National Center for Biotechnology Information, www.ncbi.nlm.nih.gov/sites/entrez). Three endogenous genes (β-actin, GAPDH, and HPRT1) were tested in all samples as normalizers. Based on the amplification curves using GeNorm [17] , GAPDH was the most stable gene for normalization of the reactions. Table 2 shows the primer pairs that were used for qPCR.
A relative standard curve was constructed for all primers using a serial dilution of a small cell lung cancer line (H146) (100, 50, 25, 12.5, and 6 ng/μL). The standard curves of the target and reference genes were similar with regard to efficacy (N90%).
PCR reactions were performed in duplicate on an ABI Prism 7900 (Applied Biosystems) in 20 μL, containing 10 ng of the cDNA sample, 0.2 μmol/L of each primer, and 1X Syber-Green PCR Master Mix (Applied Biosystems). The amplification program consisted of 1 cycle of 50°C for 2 minutes and 95°C for 10 minutes, followed by 40 cycles of 95°C for 15 seconds and 60°C for 1 minute. To verify the specificity of the amplification, we performed a melting curve analysis, subjecting the samples to an initial denaturation at 95°C for 15 seconds, followed by incubation for 15 seconds at 60°C and a ramping step of 95°C at 0.1°C per second, with continuous detection of fluorescence.
Relative quantification was expressed as the ratio between the mean value of the target gene and the mean value of the reference gene (GAPDH) in each sample. cDNA from a small lung cancer cell line (H146) was used to calibrate the reactions. The relative amount of PCR product that was generated from each primer set was determined based on the cycle threshold (Ct) value, and relative quantification was calculated using a mathematical model, as described by Pfaffl [18] .
Immunohistochemistry
To examine the expression of proteins in the SHH pathway, 4-μm sections were deparaffinized and rehydrated. Antigens were retrieved by boiling the sections in sodium citrate solution (pH, 6.0) in a pressure cooker for 15 minutes.
Slides were placed in 3% hydrogen peroxide 3 times for 5 minutes each. The sections were blocked with Protein Block Serum-Free (Dako, Carpinteria, CA) at room temperature for 20 minutes.
The sections were incubated at room temperature for 2 hours with the following primary antibodies: rabbit monoclonal anti-cyclin D1 (prediluted; clone RBT-14; Bio SB, Inc, Santa Barbara, CA), rabbit monoclonal anti-β-catenin (1:100; clone 9582; Cell Signaling, Danver, MA), rabbit polyclonal anti-Wnt-1 (1:300; clone H89; Santa Cruz Biotechnology, Inc, Santa Cruz, CA), and monoclonal mouse anti-Egfr (1:500; clone H11; Dako, Carpinteria, CA). After being washed in phosphate-buffered solution 3 times for 5 minutes each, the sections were incubated using the indirect dextran polymer detection system (Novocastra Laboratories Ltd, Newcastle, UK) for 1 hour. The sections were incubated in 3,3′-diaminobenzidine tetrachloride (Dako, Carpinteria, CA). The slides were then lightly counterstained with hematoxylin, dehydrated in absolute ethanol and xylene, mounted in permanent mounting medium with cover slips, and examined under an optical light microscope.
Quantitative analysis was performed using ACIS III, version 3.1 (Dako, San Juan Capistrano, CA), which determines the percentage of cells whose nuclei are stained and measures the intensity of cytoplasmic and membranous staining. β-Catenin, Egfr, and Wnt-1 were considered to be down-regulated at staining intensities up to the mean value; at intensities above the mean value, OSCC cases were considered to be positive.
For cyclin D1, down-regulated cases were defined as those that harbored up to 20% stained nuclei. Positive cases were defined as those in which more than 20% of the nuclei were cyclin D1-positive.
Statistical analysis
The associations between gene expression and clinical pathologic parameters were determined by Mann-Whitney U test. The correlation between genes (SMO, PTCH-1, and GLI-1) was analyzed by Spearman test.
All P values were based on 2-tailed statistical analysis, and P b .05 was considered to be statistically significant. The statistical analyses were performed using SPSS 17.0 (SPSS Inc, Chicago, IL).
Results
To investigate the expression profile of genes in the SHH signaling cascade in OSCC, we measured the expression of SHH, SMO, PTCH-1, and GLI-1 in 30 tumor samples and compared these results with clinical pathologic parameters. We also analyzed the expression of proteins of genes whose transcription is activated by SHH signaling (cyclin D1, β-catenin, Wnt-1, and Egfr) in 26 available samples.
SHH, PTCH-1, and SMO were not expressed in either pool of normal oral tissue (NNT1 or NNT2). Normal oral mucosa from healthy individuals was negative for GLI-1 gene, but we observed low GLI-1 expression in the NNT1 group.
In all OSCC specimens, we noted high levels of PTCH-1, SMO, and GLI-1 and the absence of SHH. Fig. 1 shows the mean expression levels of these genes.
A robust and statistically significant correlation was found between the expression of PTCH-1 and SMO (rs = 0.688; P b .001), PTCH-1 and GLI-1 (rs = 0.725; P b .001), and SMO and GLI-1 (rs = 0.596; P = .001).
No gene was associated with sex, perineural invasion, histologic grade, or tumor size. However, SMO expression was linked to clinical stage (P = .022), and a borderline association was observed in cervical lymph node metastasis (P = .053; Table 3 ).
In moderately/poorly differentiated tumors, higher transcription levels of PTCH-1 were observed and compared with well-differentiated tumors (P = .397' Fig. 2 ), although this difference was not statistically significant. The expression of SMO and GLI-1 was similar between welldifferentiated tumors and moderately or poorly differentiated tumors (Fig. 2) .
Twenty-four (92%) of 26 OSCC cases were positive for cyclin D1. Nineteen (73%) of 26 cases were β-catenin positive, 12 (46%) of 26 cases expressed Egfr, and 8 (32%) of 26 cases were positive for Wnt-1. Fig. 3 shows representative immunohistochemical stains of these molecules in OSCC samples.
Discussion
In human and animal models, activation of the SHH pathway is associated with the development of tumors through diverse mechanisms [19] . For example, in medulloblastoma and basal cell carcinomas, SHH signaling can initiate because of PTCH-1 mutations [11] , whereas in small cell lung cancer [12] and intestinal adenocarcinoma [15] , its activation is associated with high expression of the SHH ligand.
Gene expression in the SHH pathway in OSCC has not been well studied. Only 3 reports have examined this area; one study used OSCC cell lines [20] , and another used an experimental Xenopus laevis model [21] . Schneider et al [22] assessed the expression of SHH signaling proteins in head and neck squamous cell carcinomas. Here, we found the transcriptional levels of genes in the SHH pathway in human OSCC.
We did not observe SHH, PTCH-1, SMO, or GLI-1 transcripts in normal oral mucosa in healthy individuals, suggesting that the SHH pathway is inactive in these tissues. Schneider et al [22] failed to note any expression of SHH signaling proteins in oral normal mucosa. However, in our study, low levels of GLI-1 were expressed in NNT1.
Our results are consistent with findings from other studies, which have reported that many pathways that are essential for embryonic development, such as SHH, are quiescent in adult tissues [22] . When these pathways are activated aberrantly in adult tissues, they are frequently oncogenic [4, 5, 22] . In an experimental X laevis model, Dahman et al [21] observed that the development of squamous cell carcinoma and basal cell carcinoma depended on the amounts of injected GLI-1 messenger RNA. Furthermore, they described the presence of GLI-1 transcripts in normal basal cells in tissue that was adjacent to the primary tumor. Considering these data, our findings on GLI-1 suggest that cells of the nonneoplastic oral mucosa next to the tumor comprise tumor clones that were undetected histologically.
All OSCC specimens expressed high levels of PTCH-1, SMO, and GLI-1 and no SHH. Nishimaki et al [20] observed that 5 of 14 OSCC cell lines expressed SHH transcripts. In Schneider et al [22] , 30 of 53 samples studied were weakly or moderately positive for SHH protein. Although the ligand Shh constitutes the basic mechanism by which the canonical SHH pathway is activated in embryonic tissues, in tumors, such activation might be effected by disparate mechanisms. In neoplasms that are associated with Gorlin syndrome, in which this pathway has been characterized most thoroughly, SHH does not appear to participate; moreover, abnormalities in PTCH-1, SMO, and GLI-1 have been demonstrated in cancer [4, 23] .
Although the tumor suppressor gene PTCH-1 is a negative regulator of the SHH pathway, its expression in OSCC implicates that SHH signaling is active because PTCH-1 is also a target of the transcription factor GLI-1 [23] [24] [25] . Similarly, GLI-1 is expressed in all tumors in which SHH signaling participates [19, 22] and indicates aberrant activation of this pathway [22, 26] . Our results suggest that the SHH pathway is activated in OSCC and mediates its pathogenesis. The expression of proteins in SHH signaling [22] in OSCC and of other proteins in our study (cyclin D1, β-catenin, Wnt-1, and Egfr) confirms this model.
Correlations were observed between PTCH-1, SMO, and GLI-1 and between SMO and GLI-1 expressions. Although the mechanisms that regulate expression of SHH signaling genes are not well understood in cancers, GLI-1 and PTCH-1 levels seem to increase and are accompanied by robust activation of the pathway by SMO [26] . Xie et al [24] observed that GLI-1 messenger RNA levels increased in SMO-overexpressing embryonic fibroblasts; thus, neoplastic cellular transformation might be favored by increased GLI-1 activity in tumor stem cells.
Furthermore, we noted that OSCCs that had poor/ moderate differentiation had higher transcriptional levels of PTCH-1 than did well-differentiated tumors, although this difference was not statistically significant. In gliomas and soft tissue and bone sarcomas, high levels of GLI-1 are associated with more aggressive tumors [27] . In our study, SMO transcription was linked to clinical stage and marginally associated with the presence of cervical lymph nodes. The relationship between molecular phenomena and clinical parameters should be examined more extensively in a larger number of cases.
Our results suggest that the SHH pathway is activated in OSCC. Although the functional mechanism of this pathway remains unknown, SHH signaling might constitute a central mechanism of OSCC tumorigenesis.
